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Detailed neutron scattering measurements on the bond frustrated magnet ZnCr2S4 reveal a rich
H-T phase diagram. The field dependence of the two subsequent antiferromagnetic transitions
follows closely that of recently reported structural instabilities, providing further evidence for spin
driven Jahn-Teller physics. The incommensurate helical ordered phase below TN1 = 15.5 K exhibits
gapless spin wave excitations, whereas a spin wave gap ∆ ≃ 2 meV opens below TN2 = 8 K as the
system undergoes a first-order transition to a commensurate collinear ordered phase. The spin wave
gap is closed by a strong magnetic field.
PACS numbers: 75.25.+z, 73.20.At, 71.20.-b
Strong geometrical frustration is consistently being
found in magnetic B-site spinel oxides AB2X4 (X=O)
[1–6]. These systems are characterized by Heisenberg
spins on a lattice of corner sharing tetrahedra interact-
ing via antiferromagnetic (AFM) nearest-neighbor direct
exchange. In the spinel chalcogenides (X=S, Se) on the
other hand, the nearest-neighbor direct exchange is weak-
ened due to a larger B-B distance and the small fer-
romagnetic (FM) Cr-S-Cr superexchange becomes the
dominant interaction between them. Nevertheless the
spins often remain frustrated because competing further
neighbor exchanges become important [7–10]. Strong
spin-phonon coupling plays a major role in relieving both
geometrical and bond frustration in these systems, man-
ifested by both uniform and nonuniform lattice distor-
tions that commonly accompany the magnetic ordering
[11, 12]. Characterizing these distortions in bond frus-
trated spinels is particularly crucial in light of their re-
cently discovered novel magnetoelectric properties [13–
15]. While the structural distortions involved are small
and largely nonuniform, thus making them difficult to
detect using standard diffraction techniques, its effect on
system dynamic variables such as phonons and magnons
can be clearly measured.
The correlated insulator ZnCr2S4 is a strongly bond
frustrated material (the value of the frustration parame-
ter f = |ΘCW |/TN ≃ 0.5). Hamedoun et al. performed
neutron diffraction measurements in zero magnetic field
and reported the following results [16]. At TN1=15.5 K,
the material undergoes a second order phase transition
from a paramagnetic to a helical ordered phase. The
helical structure is characterized by an incommensurate
ordering wave vector ~k1=(0 0 0.79) with spins confined
and ferromagnetically ordered within the (001) planes.
Below TN2=8 K, the helical structure partially trans-
forms into two collinear commensurate structures with
~k2=(
1
2
1
2
0) and ~k3=(1
1
2
0) with spins oriented parallel to
the [11¯0] and [001] directions respectively. More recently,
specific heat, thermal expansion and phonon anomalies
have been reported at both TN1 and TN2, and an exter-
nal magnetic field has been found to suppress only the
anomalies at TN2 [8]. These results suggest that the he-
lical structure is stabilized over the collinear structures
in a field, and that spin-phonon coupling may be driv-
ing structural distortions at both TN1 and TN2 that have
so far not been resolved. In this Letter, we use neutron
scattering to study the magnetic field dependence of both
the spin order and dynamics of ZnCr2S4 for the first time.
Our results show that the magnetic order parameters dis-
play the same field dependence as the reported structural
anomalies do, providing stronger support for spin-driven
structural instabilities at both TN1 and TN2.
A 10 g powder sample of ZnCr2S4 was prepared by
solid state reaction between stoichiometric amounts of
ZnS, Cr and S. Rietveld refinement of neutron diffrac-
tion data from the NIST Center for Neutron Research
BT-1 diffractometer showed that the sample is single
phase spinel with space group Fd3¯m with lattice pa-
rameter a=9.986 A˚ and sulphur fractional coordinate u=
0.385 for T=300 K. Magnetic properties were measured
using a commercial SQUID magnetometer (Quantum De-
sign MPMS-5). Neutron diffraction scans were performed
at NIST on the thermal-neutron triple-axis spectrometer
BT-7 using a fixed incident and final energy of 14.7 meV
[17]. We used PG(002) reflections for both the monochro-
mator and the analyzer which was operated in flat mode,
and used horizontal beam collimations of open-50’-50’-
open. Elastic and inelastic neutron scattering measure-
ments were performed on the cold neutron time-of-flight
spectrometer (DCS) using 3 A˚ and 4.8 A˚ incident neu-
trons. All magnetic fields were applied perpendicular to
the scattering plane. We used the integrated intensity of
several nuclear Bragg peaks to determine the normalized
magnetic neutron scattering intensity [18]
2I˜(Q,ω) =
∫
dΩ
Qˆ
4π
∣∣∣g
2
F (Q)
∣∣∣2 (1)
×
∑
αβ
(δαβ − QˆαQˆβ)S
αβ( ~Q, ω)
where F (Q) is the magnetic form factor for Cr3+,
Sαβ( ~Q, ω) is the dynamic spin correlation function and
g is the Lande´ g-factor. Error bars where indicated are
statistical in origin and represent one standard deviation.
Figures 1(a)- 1(c) are color images of I˜(Q,ω) at three
temperatures. In the paramagnetic phase, Fig.1(c)
shows evidence for critical fluctuations of small helically
correlated clusters. Here, the static spin correlation
length ξ is close to the Cr-Cr separation as determined
by neutron diffraction. Strong fluctuations of small AFM
clusters at T ≫ TN is also a hallmark of geometrically
frustrated magnets. At T=12 K, in the long-range helical
ordered phase, rather well defined spin wave excitations
appear (Figs.1(b) and (e)) whose energy tends to zero
at the magnetic Brillouin zone center k1, and reaches
a zone boundary energy near 1.5 meV at Q ∼0.3 A˚−1.
By subtracting the nuclear incoherent scattering from
I˜(Q,ω) and integrating over ~ω and Q, we obtained
the sum rule S(S + 1)=3.8(3) at 12 K, which is the
expected value of 15/4 = 3.75 for orbitally-quenched
Cr3+ (S=3/2) ions. This and the Q dependence tell
us that the scattering is magnetic. By integrating the
12 K data over ~ω ∈ [0.5, 3]meV and Q ∈ [0.2, 1]A˚−1
we obtain the total fluctuating moment 〈δm〉2 =
(3/2)
∫
~dω
∫
Q2dQ[I˜(Q, ~ω)/|F (Q)|2]/
∫
Q2dQ
=1.20(3)/Cr, which is considerably less than that
found in ZnCr2O4 at the lowest temperatures [19].
For T < TN2 (Fig. 1(a)), 〈δm〉
2 decreases slightly
to 0.96(7)/Cr, but nearly half of this spectral weight
shifts to higher energies between 2−3 meV. Figure 1(f)
shows the energy dependence of the magnetic scattering
at Q=0.45 A˚−1 averaged over an 0.3 A˚−1 interval.
Even below TN2, intensity continues to be transferred
from a low energy maximum centered about 1 meV
to a high energy maximum centered around 2.5 meV.
This and the difference of the T=1.5 K and T=12 K
spectra (Fig. 1(d)) strongly suggest that the low energy
scattering is due to remnant helically ordered regions
of the sample. The excitations intrinsic to the collinear
phase are seen to be gapped by approximately 2 meV
and disperse with a bandwidth (∼1.5 meV) close to that
observed in the helical phase. The latter fact indicates
that any structural distortion occuring at TN2 does
not alter the exchange constants significantly. However
the origin of the gap is unclear, one possibility being
some single-ion anisotropy that develops via a local
distortion of the Cr-S octahedra. Alternatively, more
exotic scenarios such as a lifted local resonance mode
[19] may be at play.
We proceed to study the magnetic field dependence of
the phase boundary between the ordered magnetic states.
FIG. 1: Zero field magnetic excitations: Inelastic neutron
scattering spectra at zero field and (a) T=1.5 K, (b) T=12
K and (c) T=100 K, taken using 3 A˚ incident neutrons. The
dispersion of the magnetic excitations are more clearly seen
in the difference spectra (d) I˜(1.5 K)−I˜(12 K) and (e) I˜(12
K)−I˜(100 K). (f) I˜(Q,ω) averaged over 0.3 A˚−1< Q <0.6
A˚−1. Horizontal bar shows instrument resolution.
The inset of figure 2(a) shows that both the ~k1 and ~k2
Bragg peak positions stay fairly constant and remain res-
olution limited (ξ > 50 A˚) from H=0 T up to H=9 T,
therefore the peak intensity I is a good measure of the
order parameter. Figure 2 shows the temperature de-
pendence of both peak intensities under various exter-
nal fields. In zero field, I(~k1) develops long range or-
der near T=15 K, has a rounded maximum at T=10 K,
and then falls off sharply to a nearly constant non-zero
value below T=6 K. The downturn in I(~k1) coincides
with a development of long range order associated with
I(~k2), and signals the partial transformation from heli-
cal to collinear order. Both peaks exhibit clear thermal
irreversibility around TN2 which is consistent with bulk
data [8]. The intensity difference between the warming
and cooling curves at T=7 K remained unchanged out
to a waiting time of 60 minutes, which strongly suggests
that the thermal irreversibility results from true hystere-
sis associated with a first order transition. Previous work
has shown that the ratio R = I(~k1)/I(~k2) at the lowest
temperature is positively correlated with the number of
sulphur vacancies in the sample [16]. Our measured value
of R=0.35(3) at T=4 K corresponds well to previous re-
sults on sulphur annealed samples.
As the field is raised, we observe a decrease in the on-
set temperature of the ~k2 phase and an overall decrease
in I(~k2) (Fig. 2(a)). At T=4 K, figure 3(a) shows that
higher order peaks belonging to the complex collinear
3FIG. 2: Order parameter behavior: Temperature depen-
dence of the (a) ~k2 and (b) ~k1 peak intensities in various
external fields taken on BT-7 upon cooling and warming re-
spectively. Both warming and cooling curves are displayed for
the H=0 T data to show thermal hysteresis. The dotted line
indicates the background (BG) level due to nuclear incoherent
scattering. The inset of (a) shows the field dependence of the
~k1 and ~k2 peak positions and widths at T=4 K determined
by fitting Gaussians to DCS data.
phase all decay with a constant relative intensity before
disappearing at a critical field Hc(4K)∼9 T. A suppres-
sion of both thermal and phonon anomalies at TN2 has
also been reported in fields of 7 T [8]. These results show
that the long-range ordering temperature of the collinear
phase of ZnCr2S4 is suppressed to zero by a field close to
its mean field energy scale kBTN2/gµB ∼ 6 T.
In contrast, the onset temperature of long-range helical
order does not change significantly with field (Fig. 2(b)).
This is consistent with specific heat measurements which
show little change in both the position and magnitude
of the anomaly at TN1 up to H=7 T [8]. Therefore un-
like the collinear structure, the helical structure is not
being suppressed by the applied field. The shape of the
I(~k1) versus T curve does however undergo a qualita-
tive change. At H=5 T, I(~k1) rises below TN1 to a sharp
maximum near T=13 K with a diminished amplitude rel-
ative to the zero field case, and then decreases gradually
upon further cooling. By H=11 T, this maximum com-
pletely disappears and we instead observe a monotonic
increase of intensity with cooling. The intensity at the
lowest temperature, which arises from residual helical re-
gions that are pinned by impurities, is fairly indepen-
dent of field. We now consider several possibilities to
explain the suppression of I(~k1). (i) If spin anisotropy
is present, external fields can exert a torque on magnet-
ically ordered powder grains causing ~k1 to rotate away
from the Qˆ direction. This can be ruled out because no
changes were observed in the (220), (311) and (004) nu-
clear Bragg reflections with field. Moreover, the zero field
values of I(~k1) were recovered upon removing the field.
(ii) If the magnetic field is large enough to overcome all
FIG. 3: Determination of phase diagram: Magnetic field
dependence of the (a) ~k3, ~k2, (001)
~k2 , (112)
~k2 and (120)
~k2 and
(b) ~k1 and (111)
−
~k1 integrated intensities at 4K normalized by
their zero field values and H=9 T values respectively (data
from DCS). (c) Background subtracted intensity of the ~k1
peak taken on BT-7 at T=10 K upon raising followed by
lowering the magnetic field. (d) H − T phase diagram of
ZnCr2S4 constructed using the following data sets: () Peak
in d(χT )/dT , (⋆) peak in Cp(T ), (H) 3 axis neutrons, (•)
TOF neutrons. Dashed line is the approximate spin-flop (SF)
boundary. All lines are guides to the eye.
internal AFM exchange energies, all spins can be made to
align with the field. This can again be ruled out because
no ferromagnetic contribution was detected atop the nu-
clear Bragg peaks, and because the bulk magnetization
at H=11 T is far below saturation [5]. (iii) The possibil-
ity of new magnetic structures induced by the external
field is ruled out based on the absence of new diffraction
peaks. (iv) The magnetic field may induce a spin-flop
transition to an arrangement where spins preserve (0 0
0.79) ordering but orient perpendicular to ~H to take ad-
vantage of canting. Since I˜(Q, 0) is proportional to the
component of the ordered moment perpendicular to Qˆ,
this would naturally explain the decrease in I(~k1).
The spin-flop field HSF in the purely helical phase lies
between 7 T and 9 T as shown in figure 3(c), which
is slightly higher than previous estimates (HSF ∼5 T)
based on single crystal magnetization data [20]. Upon
entering the mixed phase, I(~k1) becomes rather insen-
sitive to field as shown in figure 2(b). However a gen-
eral positive correlation is evidenced in figure 3(c), which
suggests that an external field stabilizes the helical struc-
ture over the collinear structure. The fact that the rela-
tive intensity of the ~k1 and (111)
−
~k1 reflections does not
stay constant is further support for a spin-flop transition.
The magnetic phase boundaries deduced from our neu-
tron scattering experiments, along with complementary
dc-susceptibility and specific heat measurements [8] are
summarized in figure 3(d).
Figures 4(a)-(c) show I˜(Q,ω) spectra at T=4 K in
4FIG. 4: High field magnetic excitations: High resolution
inelastic neutron scattering spectra at T=4 K and (a) H=0
T, (b) H=6.8 T and (c) H=9 T, taken using 4.8 A˚ incident
neutrons. The background from the empty cryostat has been
subtracted off. (d) I˜(Q,ω) averaged over 0.3 A˚−1< Q <0.6
A˚−1. Horizontal bar shows instrument resolution.
three external magnetic fields. These data employed 4.8
A˚ incident neutrons which gives a reduced dynamic range
relative to Fig. 1. At H=0 T, weak low energy scatter-
ing from residual helical ordered regions of the sample
is again visible. As the field is increased, this envelope
of spin wave dispersion fills in with inelastic intensity.
By H=Hc an excitation spectrum characteristic of the
purely helical ordered phase (Fig. 1(b)) is recovered. In-
deed, the total fluctuating moment at H=9 T obtained
by integrating over the region ~ω ∈ [0.15, 2]meV and
Q ∈ [0.2, 0.8]A˚−1 is 〈δm〉2=1.1(3)/Cr, comparable to the
zero field value measured in the purely helical phase at
T=12 K. The Q-averaged scattering (Fig. 4(d)) shows
that the magnetic field induces a shift of high energy
spectral weight down into a 1 meV maximum, in accor-
dance with a conversion from collinear to helical magnetic
order. Since the magnetic inelastic scattering cross sec-
tion is proportional to the component of the fluctuating
moment perpendicular to Qˆ, strong inelastic scattering
together with a low value of I(~k1) at H=9 T is fully
consistent with the system being in a spin-flopped phase.
In summary, we have observed a rare field-induced
commensurate to incommensurate magnetic ordering
transition [21] in bond frustrated ZnCr2S4, with a con-
comitant closing of a spin wave gap. The phase bound-
ary is fully consistent with that derived from structural
measurements, which indicates strong spin-phonon cou-
pling in this system. Recent theoretical work has shown
that spiral magnets, which break both time reversal and
inversion symmetry, permit a permanent electric dipole
moment ~P ∝ ~e3 × ~k where ~e3 is the spin rotation axis
and ~k the ordering wave vector [22]. While the zero-field
helical phase of ZnCr2S4 does not permit a finite ~P since
~e3 ‖ ~k1, it would be interesting to search for an electric
polarization in the spin-flopped phase above HSF which
does permit one. Further progress towards refining the
low temperature magnetic structure in a field will require
neutron scattering experiments on single crystalline sam-
ples in both vertical and horizontal field magnets.
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